In this study, instrumented indentation testing was conducted at room temperature for the investigation of the effect of strain rate on the hardness and yield strength in the weld zone of a commonly used structural steel, SM520. A number of indentation tests were undertaken at a number of strain rate values from 0.02 s −1 to 0.2 s −1 in the weld metal (WM), heat-affected zone (HAZ), and base metal (BM) regions of the weld zone. The mechanical properties including yield strength (σ y ) and hardness (H) in WM, HAZ, and BM were then computed from the applied load-penetration depth curves using a proposed method. As the result, the effects of strain rate indentation on yield strength and hardness in all regions of the weld zone were evaluated. The results displayed that hardness and yield strength in the weld zone's components are influenced on the strain rate, where both hardness and yield strength decrease with the decreasing strain rate.
Introduction
The excellent weldability and machinability of structural steel, which caused by it's high strength, stiffness, toughness, and ductility, have led to the common usage of this material in many construction fields including buildings, bridges, tunnels and in the manufaction of machinery parts and equipments [1] [2] [3] . Welding is considered as the efficient method to form the strong joints between the steel parts, where the structural steel is used. However, the welding joints are also considered as the weakest parts of structures [4] . The heating or cooling stages influence the microstructures in the weld zone, including the weld metal (WM) region, the heat-affected zone (HAZ), and base metal (BM) region near the weld due to the transformation of solid-state phases, leading to the change of material properties in the weld zone [5] [6] [7] [8] . Thus, the properties in the local regions of weld joints need to be evaluated. The high ductility and energy dissipation capacity have also been the important reason for the wide utilization of structural steel in both static and seismic applications. It has been pointed out that the mechanical properties of structural steel are governed by the metallurgical aspects and strongly dependent on the conditions of strain rate [9] [10] [11] . For example, Luecke et al. [11] carried out the dynamic loading tensile tests for several low-carbon steel types and concluded that their tensile and yield strength decrease with the decreasing strain rate. However, the influences of strain rate on the hardness and yield strength in the weld zone of structural steel have not been well reported. Since these effects are the important factor for the engineering analyses as well as the steel structure designs in the both static and dynamic problems, it is essential to have a comprehensive investigation of the strain rate influences on the hardness and yield strength in the weld zone of structural steel.
Instrumented indentation testing (IIT) has been known as an efficient method in extracting material properties at both the macro-and nano-scales [12] . For characterization of the mechanical properties under different strain rate levels, it has also proved to be reliable and efficient since this approach can not only provide accurate results [13] [14] [15] [16] but also overcome the uneconomical and time-consuming dynamic tensile loading tests.
This work aims to evaluate the strain rate influences on the hardness and yield strength in the weld zone of structural steel using instrumented indentation tests. A number of indentations were undertaken at a number of strain rate values from 0.02 s −1 to 0.2 s −1 in the weld zone (WM), heat-affected zone (HAZ), and base metal (BM) regions. The mechanical properties including yield strength (σ y ) and hardness (H) in WM, HAZ, and BM were then computed from applied load-penetration depth curves of indentation using a proposed method. As the result, the effects of strain rate indentation on yield strength and hardness in all regions of the weld zone were investigated. Fig. 1 illustrates a typical load-depth (P-h) curve of an elastic-plastic material to a three-sided Berkovich indentation [17] . From this curve, several indentation characteristic parameters, such as the maximum penetration depth h m , the maximum applied load P m , the residual depth after unloading h r , the initial unloading slope S , the loading curvature C, the projected of contact A c , the residual plastic work W p , and the recovered elastic work W e , can be extracted. As can be seen in Fig. 1 , h m , P m , h r , W p , and W e , can be directly obtained from the P-h curve, while S , C, and A c can only be extracted based on the description of loading and unloading curves. For sharp indenters, the initial unloading slope S , the loading curvature C, and the projected of contact A c can be expressed, respectively, as follows [17] :
Methods
where h c = h m − ε * P m /S and ε * = 0.75 for sharp indenters [17] . The mechanical properties of the indented material, such as elastic modulus E, yield strength σ y , strain hardening exponent n, and hardness H, can thus be evaluated from these above indentation parameters. Numerous analytical approaches that allow the determining of the mechanical properties from the indentation load-penetration depth curve have been proposed in recent years [17] [18] [19] [20] [21] . Among which Oliver and Pharr's method [17] has been considered as one of the most popular methods to extract elastic modulus and hardness of indented material, while the algorithm proposed by Pham et al. [21] could be considered as a representative approach for determination of yield strength and The mechanical properties of the indented material, such as elastic modulus E, yield strength y, strain hardening exponent n, and hardness H, can thus be evaluated from these above indentation parameters. Numerous analytical approaches that allow the determining of the mechanical properties from the indentation load-penetration depth curve have been proposed in recent years [17] [18] [19] [20] [21] . Among which Oliver and Pharr's method [17] has been considered as one of the most popular methods to extract elastic modulus and hardness of indented material, while the algorithm proposed by Pham et al. [21] could be considered as a representative approach for determination of yield strength and strain hardening exponent of structural steel. In Oliver and Pharr's method, the value of E and H can be extracted from the following Figure 1 . Typical load-depth (P-h) curve of indentation strain hardening exponent of structural steel. In Oliver and Pharr's method, the value of E and H can be extracted from the following relations [17] :
where E r is the reduced modulus owing to the effects of elastic deformation of the indenter. E, υ, E i and υ i are the elastic modulus and Poisson's ratio of the sample and indenter, respectively. For determination of the yield strength, the algorithm proposed by Pham et al. [21] that allows extracting yield strength σ y of structural steel was used. In this method, the yield strength σ y in the weld zone can be determined with respect to α using the following polynomial equations [21] :
where α is defined as the ratio of the strain at starting point of strain hardening and the yield strain and a i jk and b i jk are coefficients [21] . The α value of the weld zones can be obtained with the aid of FE analysis of indentation by correlating the experimental with the simulated load-depth curves. The details of the procedure for determination of the yield strength in the weld zones from the proposed method and FE analysis can be found in the previous work [22] .
Experiments
One of the most common used structural steel (SM520) with the chemical composition listed in Table 1 was chosen to be investigated. The weld with suitable weld material in the form of double V groove butt with no root gap was employed to connect two 12 mm-thickness steel plates by welding using metal arc method under an 100 A of current and 22 V of voltage. From the welded plate, a slice across the weld was cut out by water jet cutting method. Such cutting method did not affect the transformation of properties in the weld zone. The slice was then used for the preparation of indentation specimen according to ASTM E3-01 standards [23] . The smooth and flat of specimen surface were ensured to meet the requirement of the indentation standard after being polished in seven stages by silicon carbide papers, poly diamond particles, and colloidal silica with the fineness of the last stage about 40 nm. Such a smooth and flat surface of specimen for indentation tests is considered as main criterion to eliminate the surface roughness in the similarity analysis and to minimize the occurance of error in the tests [24] . Indentation testing was carried out using a Nano Hardness Tester at room temperature comforming to ASTM E2546-07 standard [25] . The diamond Berkovich indenter with elastic modulus of E i = 1141 GPa and Poission ratio of υ = 0.07, was employed. Indentation tests were undertaken in three regions, WM, HAZ, and BM of the weld zone by using the displacement control mode without a holding time at a number of strain rate values from 0.02 s −1 to 0.2 s −1 . A 50 µm spacing -grid of 5 × 5 indenting points were performed at each strain rate value of 0.02 s −1 , 0.04 s −1 , 0.1 s −1 , and 0.2 s −1 for each region of the weld, leading to the total of 100 and 300 indenting points in each region and in all regions of the weld, respectively. All indentations were also carried with a maximum applied load of 2000 nm in order to obtain the composite behavior instead of a microstructural phase response from the tests. Fig. 2 shows the cut-out location of the specimen from the welded plate and the polishing specimen surface, on which the indenting positions are also illustrated, and the installation of the sample in the indentation test machine. 
Results and discussion

Indentation response
The representative indentation responses of the material in BM, HAZ, and WM, at different strain rate levels, together with the averaged load-depth curves in these regions at a certain strain rate level of 0.2 s -1 are displayed in Fig. 3 . It is seen from Figs. 3a-c that strain rate during indentation tests influences both the shape and the magnitude of the load-depth curves of the tests. For all regions in the weld, the loading curvature tends to decrease with the decreasing strain rate during the tests, leading to the higher maximum applied load with the higher strain rate level due to the 
Results and discussion
Indentation response
Results and discussion
Indentation response
The representative indentation responses of the material in BM, HAZ, and WM, at different strain rate levels, together with the averaged load-depth curves in these regions at a certain strain rate level of 0.2 s −1 are displayed in Fig. 3 . It is seen from Figs. 3(a) -3(c) that strain rate during indentation tests influences both the shape and the magnitude of the load-depth curves of the tests. For all regions in the weld, the loading curvature tends to decrease with the decreasing strain rate during the tests, leading to the higher maximum applied load with the higher strain rate level due to the applied constant maximum displacement in all the tests. Regarding to the correlation between the indentation response in different regions of the weld, the distinguishable variation of the indentation curves obtained from BM, HAZ, and WM can be observed in Fig. 3(d) . It can be seen from this figure that both loading curvature and applied load of the indentation curves in the BM are lowest and these parameters are highest in the WM among three regions. This observation consists with the available results of indentation responses for the weld zone of other structural steels [3, 6, 22] and corresponds to the lowest hardness and yield strength in BM among three regions, respectively, which will be discussed below.
Journal of Science and Technology in Civil Engineering -NUCE 2019 applied constant maximum displacement in all the tests. Regarding to the correlation between the indentation response in different regions of the weld, the distinguishable variation of the indentation curves obtained from BM, HAZ, and WM can be observed in Fig. 3d . It can be seen from this figure that both loading curvature and applied load of the indentation curves in the BM are lowest and these parameters are highest in the WM among three regions. This observation consists with the available results of indentation responses for the weld zone of other structural steels [3, 6, 22] and corresponds to the lowest hardness and yield strength in BM among three regions, respectively, which will be discussed below. applied constant maximum displacement in all the tests. Regarding to the correlation between the indentation response in different regions of the weld, the distinguishable variation of the indentation curves obtained from BM, HAZ, and WM can be observed in Fig. 3d . It can be seen from this figure that both loading curvature and applied load of the indentation curves in the BM are lowest and these parameters are highest in the WM among three regions. This observation consists with the available results of indentation responses for the weld zone of other structural steels [3, 6, 22] and corresponds to the lowest hardness and yield strength in BM among three regions, respectively, which will be discussed below. applied constant maximum displacement in all the tests. Regarding to the correlation between the indentation response in different regions of the weld, the distinguishable variation of the indentation curves obtained from BM, HAZ, and WM can be observed in Fig. 3d . It can be seen from this figure that both loading curvature and applied load of the indentation curves in the BM are lowest and these parameters are highest in the WM among three regions. This observation consists with the available results of indentation responses for the weld zone of other structural steels [3, 6, 22] and corresponds to the lowest hardness and yield strength in BM among three regions, respectively, which will be discussed below. applied constant maximum displacement in all the tests. Regarding to the correlation between the indentation response in different regions of the weld, the distinguishable variation of the indentation curves obtained from BM, HAZ, and WM can be observed in Fig. 3d . It can be seen from this figure that both loading curvature and applied load of the indentation curves in the BM are lowest and these parameters are highest in the WM among three regions. This observation consists with the available results of indentation responses for the weld zone of other structural steels [3, 6, 22] and corresponds to the lowest hardness and yield strength in BM among three regions, respectively, which will be discussed below. While the hardness can be directly extracted from indentation curve P-h, the yield strength in the regions of the weld zone was determined using Eqs. (7) and (8), in which an unknown parameter corresponding to the yielding part of the structural steel's - curve () needs to be pre-estimated for each region. The  value of each region is estimated using the results from the analysis of indentation FE simulation, which are detailed in previous works [3, 6, 22] . In present work, by applying such approach, the  values at each strain rate values for BM, HAZ, and WM regions were estimated and the yield strength in each region of the weld zone was extracted for certain strain rate level. With the same illustrated way for hardness in Fig. 4 , the extracted yield strength in each region of the weld zone at different values of strain rate are presented in Fig. 5 . The corresponding values in this figure are also listed in Table 3 for more clarity. Fig. 5 , the strain rate influences on the yield strength in individual region are clearly observed. The same trend is that higher strain rate level leads to the higher yield strength for all regions BM, HAZ and WM of the weld zone. This trend is also From the applied load-depth curve of indentation test, the contact area Ac and maximum load P m can be easily measured and then the hardness was computed using Eq. (6) . The calculated results are presented in Fig. 4 in such the way to show the change of hardness with respect to different strain rate levels in all regions of the weld as well as the distinguishable hardness values in the three regions. In this figure, each presented hardness value is the mean of 25 values obtained from an indentation test series in individual region, together with the corresponding error bar of ±1 standard deviation, which are listed in Table 2 . The best fit curve of the changing trend of hardness in each region is also accompanied. Fig. 4 , the effecta of strain rate on the hardness in individual region of weld zone are clearly observed. The same trend is that higher strain rate level leads to the higher hardness for all regions WM, HAZ and BM of the weld zone. This trend is recognized that the hardness value quite rapidly increases as strain rate level increases from 0.02 s −1 to 0.04 s −1 and the increment of hardness reduces when strain rate levels change from 0.1 s −1 to 0.2 s −1 . It is interesting to observe that the change of hardness in individual region with respect to different strain rate levels seem to be obeyed an exponential function, as can be seen in Fig. 4 . It is also noted that the hardness in BM is lower than the corresponding one in HAZ at a certain strain rate level, while the corresponding hardness value in WM is highest in the weld zone. These results match well with the trends reported in previous works for the weld zone of other structural steels [3, 22] .
While the hardness can be directly extracted from indentation curve P-h, the yield strength in the regions of the weld zone was determined using Eqs. (7) and (8) , in which an unknown parameter corresponding to the yielding part of the structural steel's σ-ε curve (α) needs to be pre-estimated for each region. The α value of each region is estimated using the results from the analysis of indentation FE simulation, which are detailed in previous works [3, 6, 22] . In present work, by applying such approach, the α values at each strain rate values for BM, HAZ, and WM regions were estimated and the yield strength in each region of the weld zone was extracted for certain strain rate level. With the same illustrated way for hardness in Fig. 4 , the extracted yield strength in each region of the weld zone at different values of strain rate are presented in Fig. 5 . The corresponding values in this figure are also listed in Table 3 for more clarity. recognized that the increment of yield strength values when strain rate value changes from 0.02 s -1 to 0.04 s -1 is greater than the increment of yield strength when strain rate value changes from 0.1 s -1 to 0.2 s -1 . Similar to the hardness, the change of yield strength in individual region with respect to different strain rate levels seem to be obeyed an exponential function, as can be seen in Fig. 5 . Considering the correlation between the yield strength values in each region, the yield strength in BM is lowest in the weld zone, while the yield strength in HAZ at a certain strain rate level is higher than the corresponding one in WM. This result indicates that the chosen weld material in this case eventhougth satify the requirements for the weld, it is still should be chosen better in order to avoid the failure of the weld due to the weld material. However, these obtained results are consistent with the reported trends for the same structural steel weld zone in the previous works [3] . For the validation of reliability and accuracy of the present results, the obtained hardness and yield strength at a certain strain rate of 0.02 s -1 were compared with the corresponding values in the same weld zone, which are available in the literature [3] , as listed in Table 4 . It is obvious that hardness and yield strength values at strain rate of 0.02 s -1 in this work match well with corresponding reported ones [3] . The relative error in case of hardness is within ± 3.72%, while it is even smaller in case of yield strength with the error within ± 3.25%. The observation and comparison indicates that the obtained results in this work are accurate and reliable. Table 4 . Comparison of mechanical properties at strain rate of 0.02 s -1 between present and previous works [3] Yield strength (MPa) Hardness (MPa) Figure 5 . Strain rate effect on yield strength in the weld zone From Fig. 5 , the strain rate influences on the yield strength in individual region are clearly observed. The same trend is that higher strain rate level leads to the higher yield strength for all regions BM, HAZ and WM of the weld zone. This trend is also recognized that the increment of yield strength values when strain rate value changes from 0.02 s −1 to 0.04 s −1 is greater than the increment of yield strength when strain rate value changes from 0.1 s −1 to 0.2 s −1 . Similar to the hardness, the change of yield strength in individual region with respect to different strain rate levels seem to be obeyed an exponential function, as can be seen in Fig. 5 . Considering the correlation between the yield strength values in each region, the yield strength in BM is lowest in the weld zone, while the yield strength in HAZ at a certain strain rate level is higher than the corresponding one in WM. This result indicates that the chosen weld material in this case eventhougth satify the requirements for the weld, it is still should be chosen better in order to avoid the failure of the weld due to the weld material. However, these obtained results are consistent with the reported trends for the same structural steel weld zone in the previous works [3] .
For the validation of reliability and accuracy of the present results, the obtained hardness and yield strength at a certain strain rate of 0.02 s −1 were compared with the corresponding values in the same weld zone, which are available in the literature [3] , as listed in Table 4 . It is obvious that hardness and yield strength values at strain rate of 0.02 s −1 in this work match well with corresponding reported ones [3] . The relative error in case of hardness is within ± 3.72%, while it is even smaller in case of yield strength with the error within ± 3.25%. The observation and comparison indicates that the obtained results in this work are accurate and reliable.
Conclusions
In this study, the influences of strain rate on the hardness and yield strength of a typical structural steel (SM520) weld zone was investigated using indentation. The following conclusions can be withdrawn:
-Strain rate during influences on both the shape and magnitude of the indentation applied loaddepth curves. For all the regions in the weld, the loading curvature increase as the strain rate during indentation increases, leading to the higher maximum applied load with the higher strain rate level due to the applied constant maximum displacement in all the tests.
-Strain rate level has strong effect on the hardness for all regions in the weld zone. The trend is that the hardness values quite rapidly increase as strain rate value increases from 0.02 s −1 to 0.04 s −1 and the increment of hardness reduces when strain rate value change from of 0.1 s −1 to 0.2 s −1 . The trend seems to be obeyed an exponential function.
-Strain rate level has strong effect on the yield strength for all regions in the weld zone. The trend is that the increment of yield strength values when strain rate value changes from 0.02 s −1 to 0.04 s −1 is greater than the increment of yield strength when strain rate value changes from 0.1 s −1 to 0.2 s −1 . Similar to the hardness, the change of yield strength in individual region with respect to different strain rate levels seem to be obeyed an exponential function.
In conclusion, the mechanical properties in the investigated structural steel weld zone are strongly influenced by indentation strain rate and the relationships between hardness and yield strength with strain rate obtained in present study provide an assessment of these mechanical properties in the weld zone at a specific strain rate level without conducting any additional tests.
